Focusing light inside highly scattering media beyond the ballistic regime is a challenging task in biomedical optical imaging, manipulation, and therapy. This challenge can be overcome by time reversing ultrasonically encoded (TRUE) diffuse light to the ultrasonic focus inside a turbid medium. In TRUE optical focusing, a photorefractive crystal or polymer is used as the phase conjugate mirror for optical time reversal. Accordingly, a relatively long ultrasound burst, whose duration matches the response time of the photorefractive material, is used to encode the diffuse light. With this long ultrasound burst, the resolution of the TRUE focus along the acoustic axis is poor. In this work, we used two transducers, emitting two intersecting ultrasound beams at 3.4 MHz and 3.6 MHz respectively, to modulate the diffuse light within their intersection volume at the beat frequency. We show that light encoded at the beat frequency can be time-reversed and converge to the intersection volume. Experimentally, TRUE focusing with an acoustic axial resolution of ~1.1 mm was demonstrated inside turbid media, agreeing with the theoretical estimation.
INTRODUCTION
In biological tissue where light is strongly scattered, direct optical focusing beyond one optical transport mean free path (~1 mm for human skin) becomes infeasible. 1 To overcome the scattering, optical phase conjugation and wavefront shaping have been developed to achieve light focusing behind a scattering layer. 2 Still, to achieve optical focusing inside a scattering medium, both methods need the assistance of an internal "guide star". For biomedical applications, a noninvasive "guide star" with dynamically changeable locations is desirable. In this context, the time-reversed ultrasonically encoded (TRUE) optical focusing technique has been implemented. 3 In this technique, a noninvasive focused ultrasound beam is employed to encode (or tag) those randomly scattered photons propagating through the ultrasonic focus. 4 The ultrasonically encoded photons experience a frequency shift with respect to those that bypass the acoustic focal region, creating a virtual light source, i.e., a "guide star", inside the scattering media. The encoded light is collected to interfere with a reference beam, so that a stationary interference is formed and can be recorded as a hologram inside a photorefractive material. This material also serves as a phase conjugation mirror (PCM) when a reading beam travelling in the direction opposite to the reference beam reads out the hologram from the material. In this way, a phase conjugated copy (or the time-reversed counterpart) of the initial encoded light can be generated and eventually converges back, although tortuously, to the ultrasonic focal zone where the "guide star" is located. By moving the position of ultrasonic focus, a dynamic optical focus can be formed inside the turbid medium. Compared with the iterative wavefront shaping method, TRUE optical focusing can achieve light focusing in a single hologram recording-and-reading procedure, consuming much less time.
The performance of the PCM plays an important role in the resultant focusing quality. To achieve a high-resolution optical focus in a short time, a high-efficiency and fast-response PCM is desired, as is a narrow ultrasonic focus. So far, two types of PCMs have been employed. 3, [5] [6] [7] [8] [9] [10] First, analog PCM, based on photorefractive (PR) materials such as Bi12SiO20 (BSO) crystal and polymer, was used. 3, 5 The relatively slow response time of these materials, however, requires long burst (millisecond order) ultrasound modulation, which results in poor focusing resolution along the acoustic axis. The second type of PCM is a digital module comprising a fast CMOS camera and a spatial light modulator (SLM). [9] [10] The digital implementation enables the use of pulsed laser illumination paired with a short ultrasound pulse, yielding a higher resolution along the acoustic axis. That said, analog PCM usually provides a much higher holographic recording spatial resolution 11 , suggesting that an analog PCM has more pixels to recover the wavefront more accurately than a digital counterpart with the same aperture. Moreover, an analog PCM usually provides a higher focus-to-background ratio, faster processing speed with no need for computational load, lower implementation cost, and reduced operational complexity. 6 In this work, we report our latest effort of improving the axial resolution of TRUE in an analog system by utilizing two intersecting ultrasound beams to modulate the scattering light.
METHODOLOGY AND MATERIALS
Our method's key point is to use two ultrasound beams to truncate the size of the "guide star" inside scattering media.
Two beams with slightly different frequencies were emitted from two ultrasonic transducers, which were aligned so that the two ultrasound beams intersected each other at their foci. In this way, the diffuse photons encoded in the intersection zone were frequency-shifted by the two ultrasound inherent frequencies and their beat frequency. The encoded light shifted by the beat frequency can be regarded as coming out from the two ultrasound beams' intersection zone, which is considerably smaller than the single transducer's long focal zone. A hologram was recorded based on the encoded photons at the beat frequency. After reading out this hologram, TRUE optical focusing was achieved by converging photons back into the shrunken ultrasonic encoded region, hence achieving an improved axial resolution. Fig. 1 shows a schematic of the experimental setup. The timing sequence and synchronization layout were the same as in the previous TRUE system. 3 To demonstrate the improved focusing resolution along the acoustic axis, we prepared a sandwich-structured phantom, as shown in Fig. 2 . All signals were averaged 12 times to improve the signal-to-noise ratio.
RESULTS
The signal amplitudes were normalized and plotted as a function of the sample's Z position, as shown in Fig. 3 . As seen in Fig. 3(a) , without ultrasonic tagging, the TRDC signal shows low image contrast and poor spatial resolution of the two absorbers, limited by light diffusion inside the turbid sample. With ultrasonic tagging from a single transducer, the TRUE signal shown in Fig. 3(b) reveals slightly greater details of the two targets than the TRDC, but the image contrast and the spatial resolution are still poor. With intersecting ultrasonic tagging, however, the TRUE image in Fig.   3 (c) shows a much sharper image of the two absorbers, indicating a better spatial resolution as a result of the dual ultrasonic modulation.
In general, the imaging process of a linear one dimensional scanning system can be modeled as
where z is the scanning position along the Z axis, ) (z O is the system output amplitude, ) (z t is the target amplitude, ) (z PSF denotes the point spread function (PSF), and  is the convolution operator. The normalized target function ) (z t describing the two absorbers inside the tissue can be written as
where A denotes the optical absorbance of the targets, l denotes the target width, and d denotes the distance between the two absorbers' centers. The square in the first line results from the double passes of light across the target plane in the imaging process. In this experiment, A = 0.25, l =1.3 mm, and d = 3.1 mm, as shown in Fig. 2(b) .
For TRDC imaging, the point spread function represents the amplitude distribution of the diffuse light on the target plane, which can be approximated as a Gaussian distribution, with a beam waist of ~2.6 mm:
For TRUE imaging, the point spread function represents the amplitude distribution of the ultrasound modulated diffuse photons at the corresponding frequency, and can be derived from the equation:
where ) ( US z PSF is the ultrasonic field profile and its square is a result of the light being modulated by the ultrasound field twice in the TRUE imaging process.
To simulate the point spread function of the ultrasonic field ) ( US z PSF , we borrowed the method of calculating the light field profile in Gaussian optics. If a parallel laser beam passes through a convex lens, the amplitude distribution of light can be calculated near the back focal plane 1, 13 . So when the sample is scanned along the Z axis with a single transducer modulation, we have 1, 13 Proc. of SPIE Vol. 8943 894338
But for the dual transducer modulation as configured in Fig. 1(c) , 
DISCUSSION
From Fig. 3 , it is clear that the TRUE system using dual-transducer modulation can focus diffuse light more tightly along the acoustic axis inside turbid media than a single-transducer modulation. With the current experimental setup, the Z axial resolution was improved by a factor of 2.4. It is important to note that, for single-transducer modulation, the FWHM of the PSF in our experiment was limited by the diffuse light profile (the beam waist was 2.6 mm) at the target plane, which was far less than the transducer's initial axial resolution of 12.5 mm. So, if the diffuse light had a broader spread inside the scattering medium, the axial resolution in the single-transducer modulation case could have been even worse. For dual-transducer modulation, the FWHM was limited by the lateral focusing ability of the two transducers, and was not affected by the profile of diffuse light, because effective acousto-optic modulation occurred only at the intersection zone of the two ultrasound beams, which is normally much smaller than the diffuse light profile. Moreover, since the improved resolution can be attributed to the overlapping of the two ultrasound beams, an even tighter TRUE focus could be achieved by crossing the two acoustic axes at 90°, after enlarging the water tank and re-adjusting the layout. On the other hand, it must be pointed out that compared with the single-transducer modulation scenario, the signal-to-noise ratio (SNR) achieved by the dual-transducer modulation is slightly lower, primarily due to a lower modulation depth (defined as the ratio of the light intensity at the signal frequency to that at unrelated frequencies 14 ). In the experiment with double-transducer modulation, the modulation depth at the beat frequency was measured to be ~1/5
of that at the fundamental frequency with the single-transducer modulation. Lastly, it needs to be mentioned that although the PR crystal used in this study-BSO-does not work ideally in the red and the near-infrared optical window for biological sensing, there are good candidates, such as GaAs and Sn2P2S6, that do.
In summary, the proposed dual-transducer modulation method can effectively improve the optical focusing resolution along the acoustic axis in an analogue TRUE system. It can potentially benefit a wide range of biomedical applications in tissue, including optical imaging and photodynamic therapy.
